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REFLECTION OF INTERNAL GRAVITY WAVES
BY A LAYERED DENSITY ANOMALY

INTRODUCTION

The characteristics of the propagation of internal gravity waves in the ocean, either
upward from the bottom or downward from the region of the surface, is of interest to
oceanographers because of the implications to the total energy budget of the internal
wave field. The ways by which these internal waves may be generated are numerous.
Internal lee waves, for example, can be generated by current flow over bottom topography
{(1-3). The fate of these disturbances after they are generated depends upon the environ-
ment through which they travel. The absorption of the wave energy by critical layers has
recently been of interest in this context (4, 5), but the reflection of waves by current
shear or anomalies in the i rofile has received somewhat i Perhaps
the simplest situation of physical interest in this regard is the propagation of a train of
plane waves upward through a fluid which has an exponential dependence of density upon
height. This plane wave will propagate without change in amplitude or direction (to the
Boussinesq approximation} unless it encounters a density or shear anomaly, Layered
regions like the thermocline change the propagation conditions, and part of the wave
energy can, in principle, be reflected back toward its region of generation. This reflec-
tion problem has been considered in special cases by Hines and Reddy (6) and Barcilon
et al. (7). In the former work, the density stratification is modeled with a series of strata,
each of which are at a constant temperature. Because the density structures modeled
are typical atmospheric soundings, the dependence of the reflection coefficient on the
physical parameters (scale heights and density differences) is not easily discerned. In the
latter paper, the properties of the medium are presumed to change slowly over a distance
much greater than a vertical wavelength. Superimposed on this **slow’’ variation is a
smaller, wave-scale variation. This fine structure can cause the reflection of a significant
portion of the incident wave energy.

In this report, we consider the interaction of a plane internal wave train with a dif-
fuse layer embedded in a density profile possessing an otherwise exponential dependence
on height. The density structure is assumed to be of the form

j g‘tﬁ _,_." ﬁ(z)=,‘0£exp (Az+§_tanh oz+e_LS&n cosh oz) —eo <z > J 1)

where z increases positively downward (see Fig. 1). The case of a thin layer is obtained
in the limit ¢ — oc. The analysis is similar to, but is an expanded and corrected form
of, that of Epstein (8) for an analogous reflection problem in electromagnetic wave
propagation theory.

The derived results are of physical significance in the case of the ocean, as the ther-
mocline shapes discussed here bear at least a qualitative resemblance to those observed in
the ocean. For example, Iselin (9) shows a distribution of Brunt-Vaisala frequency which
is very much like Eq. (1) with ¢ # 0, €; = 0 (see Fig. 2a). Just as significant, however,

Manuscript submitted August 24, 1973.




MIED AND DUGAN
Now

FREQUENCY

P

——

Fig. 1—An arbitrary Brunt- Vaisala frequency
N{z) profile as a function of height z.
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Fig. 2—(a) the symmetric profile {e # 0, ¢; = 0}
and {b) the transition profile (e = 0, g7 = 0)
N2 = N2{g),
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may be the occurrence of steplike structures in the seasonal thermocline. Woods (10)
reports an instance of the actual formation of this type of stepped structure resulting
from the breaking of internal wavelets generated as a result of the instability to shear
between layers of relatively homogeneous fluid masses, each possessing a different density.
Phillips (11) and Orlanski and Bryan (12) argue that instabilities in the internal waves
present are chiefly responsible for this stepped thermocline structure. Thermoclines re-
sembling the form given by Eq. (1) and the sharp thermocline corresponding to o — * in
the same equation are therefore known to occur in the open ocean. It is of interest,
then, to examine the internal wave propagation through, and energy reflection by, density

distributions of this general form.

In the second section, we will present exact solutions for the transmitted and re-
flected waves obtained when a wave train s incident on a density anomaly possessing
the form given by Eq. (1). The third section gives the expression for the reflection
coefficient for a symmetrical layer (¢ # 0, €; = 0) and for a transitional layer (¢ = 0,
€, # 0) between two regions having different Brunt-Vaisala frequencies. In each case the
reflection coefficient has a deceptively simple appearance. It is actually a complicated
function of the physical parameters, and even a small density anomaly can cause a
significant reflection of waves traveling at a shallow angle to the horizontal.

The analysis involves an analytic continuation of the proper transmitted wave solu-
tion into the solutions which represent the incident and reflected waves. This analytic
continuation formula is a classical one that exists only because the equation governing
the dependence of the vertical velocity on the vertical coordinate can be transformed into
Gauss’ hypergeometric equation. Corresponding formulae generally do not exist for
arbitrary density anomalies; but, the presentation of the work in this report allows one to
vary density differences, the scale height of the anomaly, the vertical wave number, and
the angle of incidence of the incoming wave in order to determine their individual effects
upon the reflection coefficient. Because of the scarcity of such general forms for the re-
flection coefficient, a numerical technique that can be used in lieu of an analytic con-
tinuation for arbitrary Brunt-Vaisala distributions is presented in an appendix. The
results of the numerical method are compared with the analytic results. The agreement is
very good, and it is concluded that the numerical technique can be used in treating inter-
nal wave reflection from stability frequency profiles of arbitrary configuration.

THE REFLECTION PROBLEM
General Discussion

The equation governing two-dimensional, small-amplitude motions of an inviscid,
density-stratified fluid about its equilibrium position is given (to the Boussinesq approxi-
mation) by Phillips (11) as

2
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where w is the vertical velocity component and N 2(2) is the Brunt-Vaisala frequency
defined by
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The dimension z is taken to be increasing vertically downward, and the horizontal coordi-
nate x is taken fo be increasing positively to the right. The density of the Huid in its
quiescent state is piz), and the effects of diffusion and rotation have been neglected. If
it is assumed that an internal gravity wave of frequency w {less than the maximum over z
of N{z}) and horizontal wave number % passes through the fluid, the velocity may be
reduced by the substitution

w(x, z, t)= P(z)err-wt) {4}
50 that Eq. (2} reduces to
2
5. +{M - 1] 129 = 0. (5)
o?

We are particularly interested in fluids having density profiles of the form shown in
Fig. 1. For simplicity, it is assumed that the Brunt-Vaisala frequency is constant outside
of a layer, although the stability frequency in the region above the layer may in general
be different from that below the layer. The density has a well-defined maximum and/or
minimum vaive. Further, these extrema may or may not be in the anomalous layer. We
remark that, for the ensuing analysis to be valid, the Brunt-Vaisaln frequency outside the
anomalous region need not be constant. It must satisfy only the weaker condition that
it vary slowly enough over a vertical wavelength of the internal wave so that the WKB
approximation is valid.

We are interested in wavelike solutions of Eq. {5}, but it 5 well known that the
equation has no such nontrivial solution that is regular at infinity if w > N axs  THUS,
internal waves will propagate only if w <N, .. Moreover, there are two distinet types
of wave solutions for this allowable frequency range. If the wave frequency w is less
than N . but everywhere greater than the Brunt-Vaisala frequency outside 2 bounded
region swrounding the point where N = Nmax, Eq. (5) allows nontrivial solutions for
certain distinet combinations of the frequency and horizontal wave numbers; these
solutions vanish far away from the anomalous region. In other words, this is a classical
waveguide solution in which there is a discrete spectrum of trapped modes that propagate
along the density anomaly. The greater of the two numbers N_ and N__ constitutes
a lower cutoff frequency for these modes, s0 only a finite number of modes with the

same wave number can propagate without attenuation,

The governing Eq. (5) also has a continnons spectrum of solutions in the frequency
range w <max {N_,N__ 1. A plane wave of arbitrary frequency and wave number
can propagate in the upper or lower region provided the wave frequency is less than the
local Brunt-Vaisala frequency.

The problem of interest here is to determine what effect the anomalous layer has on
a plane internal wave that is propagating upward in, say, the lower layer. To be explicit,
we assume that a wave of frequency w with horizontal wave number % is traveling upward
through the lower fluid at angle 8 to the horizontal. (The angle § actually is fixed by the
relation w = N_ cos 8§ which is a result of Eq. (5) in the case of a plane wave at z = + o9}
The wave enters the anomalous layer, and its amplitude and phase are changed ag it
DPropagates through the layer. As a result of the changing waveform, some of the wave
energy is reflected back down into the lower layer and the remainder, if any, is trans-
mitted upward into the upper layer. The exception involving the IF is foreseen because
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Fig. 3—The relation of the phase and group
velocity vectors for internal waves in a stably
stratified fluid.

of the case in which the wave frequency is greater than the Brunt-Vaisala frequency in
the upper layer. This does not allow propagation there, and we will see that this causes
total reflection of the wave.

The direction of energy propagation is not the direction of phase propagation in
mternal waves, so care must be exercised in specifying the direction of the phase velocity
of the incoming wave. Phillips (11) discusses this matter in detail, and the relation of the
group velocity to the phase velocity is shown in Fig. 3. The terminology used here is
that an upward or downward propagating wave is one for which the direction of energy
propagation (or group velocity) is upward or downward.

Solution of Governing Equation

The reflection problem with an arbitrary density profile and vertical wavelengths
comparable to the thermocline scale height is, in general, analytically intractable; so, a
particular distribution of stability frequency is chosen that exhibits the main features of
the reflection phenomenon. The Brunt-Vaisala frequency obtained from Egs. (1) and (3)
is illustrated in Fig. 2 for the two cases ¢ # 0, ¢; = 0 and € = 0, e; # 0. As may be
seen, the former case has a stability frequency profile symmetric about depth z = 0. If
€ > 0, the fluid in the anomalous layer is more stable than that of its surroundings; if
€ < 0, however, the fluid in the layer is relatively homogeneous and consequently not as
stable. The value of € cannot be so negative that the stability frequency is negative in
toto anywhere, since such a situation would be statically unstable. In the second case
(e = 0, ¢, # 0), the anomalous layer is really a transition region between two layers of
constant but different Brunt-Vaisala frequencies. If €, > 0, the transition in the
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direction of primary waves {incident from below) is from more stable to less stable fluid.
The opposite is the case for €; < §; and again, we require that the magnitude of €; be
bounded so that the Brunt-Vaisala frequency is nomnegative everywhere.

The differential equation, Eq. (), with the profile {1), is

¢, * kz{w‘zg{!}. + &0 sech? 0z +¢€, o tanh 0z] - 1}4& = Q. ]/ (8)
This equation reduces 1o '
o0 +RE {w“ég(z\ +€,0) - 1}@ =0 0
in the limit of large positive z (the lower propagation zone), and to
b, -z-kg{w‘gg(ﬁ—elg}-l}@':ﬁ (8)

in the limit of large negative z (the upper zone into which the transmitted wave propa-
gates). In these regions, the equations allow the solutions

pr~ exp{iik[m“?‘g(ﬁ +€,0)-1] 1!22} {9)
for z + +o° and
B~ BXp {iikgw-zg(ﬁ -€,0) - 1114*22} (10)

for z =+ - oo, In each case, the phase is defined by Eq. (9) & (10), and the solution hav-
ing the positive sign has a downgoing phase while the solution having the negative sign

has an upgoing phase. Upon referring to Fig. 3, we see that the vertical component of the
energy flux is in the opposite direction, so the phase possessing the positive sign repre-
gents upgoing energy and that corresponding to the negative sign represents downgoing
energy. A solution composed of a general linear combination of solutions of Eq. (6) will
not, in general, solve the problem. This can best be seen by examining the mechanies of
the reflection process. In the lower region, the solution (9) with positive sign represents
the incoming wave with known amplitude and the solution (9) with negative sign is the
rveflected wave with unknown amplitude. In the upper region, however, there can be only
the upgoing {transmitted) wave with unknown amplitude, so the sohution (10} with
negative sign should not be present.

The problem then reduces to predicting the amplitudes of the reflected and trans-
mitted waves. This is a trivial task only if the anomalous region is reduced to zero thick-
ness so that it can be replaced by an interface. In Appendix A, this classical case is com-
pared with the solution obtained in the third section in the limit ¢ = . However, the
particular Eq. {6) also is analytically tractable, and these wave amplitudes will be found in
the analysis below. This work is comprised of the analytic continuation of the upgoing
{negative sign) wave solution of expression {10) across the anomalous region into a linear
surn of the solution (9). This continuation has been used by Epstein (8) for an equivalent
problem in electromagnetic wave propagation. The analysis is redone here because the
physical parameters enter the equations in a different way and because the present paper
expands the problem to include 2 solution of the general case € # 0, €, # 0; furthermore,
the solutions differ somewhat from those of Epstein (8).
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Equation (6) may be rewritten in the form

B+ {hz + (%) sech? (%)-&- c ta.nh(%)}gb =0, (11)

where the change of variable

y =20z (12)
has been made and the parameters
n2= 28 S
40%w? 402
- a9
gelk2
. 4002
have been introduced. Another change of independent variable,
E=e, (14)
transforms Eq. (11) to
52¢’E£ +E¢, + {hz +bEL+E) 2 +e(E - 1)(E+1)T } ¢ =0, (15)
and the change of dependent variable
6= (1+5)7E%f, (16)
where a and d are constants chosen below, yields the equation
£(1 +£)fEE +[22 +1+(2a+2d + 1)£]fE +{2a +d
t I + %)L +5)? +d(d - 1E2 +bE+c(E-1)(E + 1))
(17)

XEH L+ }f= 0.
This equation may be reduced further if the constants a and b are chosen so that

a=(c-h%)2

(18)

a= = . —é— (1+4b)1/2,

2
With the final change of variable £ = - {, Eq. (17) reduces to Gauss’ hypergeometric
equation (13),

S -5 + (20 + 1) - (20 +2d + 1)F]f, - [(2¢ +d)d +2c]f = 0. (19)
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In the region of the incident and reflected waves as z = o (¥ — ), the solutions of Eq.
{19} are {14},

p, ~ PA+EHUE R, e+ 1-ya+1-B (-6
by ~E(L+ELEFFB B+ 1=y B+ 1-as(-E)™) {20a)
where F{ ) represents the hypergeometric series and
ag=g+d +(¢12 - 2{:}152
B=a+d~(a® - 2¢)112
y=2a+1. 2n
The solutions in the far transmission region, as 2 = — o0 (£ = 0), are
by ~ E4(1 + £ F(o, B vi - £)
o, ~ BT Flat1-7, B+1-72-7 - £) (20b)

There are actuaily several ways in which the independent solutions (20a) and {20b) can
be chosen: the forms above are selected for convenience in the following calculations.

With the aid of expressions {18) and (21), limiting forms of these solutions reduce to
¢, ~exp i~ 2i(h2 + eyt2az]
¢, ~ exp [+ 2i(h* + oz} {222)
as £ - oo or z — oo, and
¢, ~ exp [2i(h® - cyl2gz]
¢, ~ exp [- 2i(h? - &)} 20z] {22b)

ag z — — oo, in their respective regions of validity. As was discussed previously with
respect o the solutions (9) and {10), ¢, and ¢, are downgoing waves {toward z = + o)
and ¢, and ¢, are upgoing waves (toward z = - ¢} when viewed in terms of their group
velocities. Thus, the limiting form of @5 as 2 >~ is a plane wave that transports energy
from the anomalous region.

We therefore consider ¢, as the wave transmitted through the anomalous layer;
concommitantly, ¢, is excluded from this role because its energy propagation direction is
toward the anomalous layer. We remark that these asymptotic forms represent wavelike
solutions only if jef < h? or igeitfi < g - w2, This restriction in terms of wave propaga-
tion from the lower into the upper region is discussed on p. 18,

Since ¢, represents the transmitted wave, this solution can be traced back through
the layer. In the limit as 2 = oo, we will be able to represent ¢, as a linear combination
of ¢, and $,. When the magnitude and phase of these complex coefficients are known,
the fotal percentage of reflected and transmitied energy can be found. The process of
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determining the representation of $5 in terms of ¢, and ¢, in their region of validity is ‘
called the analytic continuation of ¢, into the region of validity of ¢, and ¢y A
classical analytic continuation formula, valid for hypergeometric functions, is given by
Erdélyi (14) as

INGNCERY

P B %3~ 8) = Ty —g £ F@1-v+osl-fra(-§)7)
T - B) g , R
t r@rop £ PGB L=y B 1ot B (-8, 23)

where I'( ) represents the gamma function. Referring to expressions (20a) and (20b), we
may employ this formula to express ¢ as a linear combination of ¢, and ¢,.

REFLECTION COEFFICIENT

The reflection coefficient, denoted by R, is defined as the coefficient of the re-
flected wave divided by the coefficient of the incident wave. The ratio of these ampli-
tudes, however, is just the ratio of the coefficients in Eq. (23),s0 that

_ LB -l (y - 8)
Pla-BI'@er{y -a)

(24)

As was noted in the second section, the amplitudes and phases of the transmitted and re-
flected waves differ from those of the incident wave. Since this amplitude and phase
information is contained in each of the coefficients of Eq. (23), it is apparent that their
ratio—the reflection coefficient—is a complex number. The amount of energy in an inter-
nal wave is proportional to the square of the wave amplitude, so the percentage of energy
that is reflected is given by 100|R|? where |[R|2 = RR*. The total energy is conserved
(to the Boussinesq approximation) under the assumptions in Eq. (2), so the percentage of
energy transmitted is given by 100(1 - |R|2).

Equation (24) contains the physical parameters associated with the thermocline scale
height, density differences, and the horizontal wave number and direction of travel of the
incident wave at z = + o, These are seen to enter in a rather complicated manner through
the definitions of (13), (18), and (21), although Eq. (24) can be simplified to include only
elementary functions of the physical parameters by limiting the discussion to |R|2. The
essential details of the reflection phenomenon can be obtained by plotting several special
cases. In the next section, the solution for the general case of e, €, ¥ 0 is given for a
special restriction on the values € and €,. The separate cases of the symmetrical layer
(e # 0, €; = 0) and the transition layer (¢ =0, €; # 0) are then treated in more detail.

General Case

For the general anomalous layer, €, € %+ 0 with & = ,grr.-‘kz,f(m)2 =2 1/4, and the
square of the magnitude of the reflection coefficient (24) is
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Mol 2 T@-a)} 2 Ty -9 2
g7 - [F@]? L@ * [Ty -6) 25
@) Ne-p Ty -o)
This expression is, in general, quite a complicated function of the physical parameters.
We may, however, simplify Eq. (25) by considering the case for which le] < k2. The
quantity « - § = 2(- h% - ¢)1/2 is then purely imaginary, so
-2 _ |F<~ 2(-p% -1V 2 _ | T@)| 2% _
NGRS I'(2{-n? - c}112) fz*)
Then, with the definitions of {21), Eq. (25) reduces to
g2Vl rd +{a? - 20127 |2 T [1 +a-d + (a% - 20)177] r
Tla +d - (@ - 20)22] | |T[1 +a-d - (a® - 2¢)}7]
The identity
Fi-== Mz} sin 7z
permits further simplification of the above fo
Rz | Tlatds @? - 2¢)1/21} 2 |T[d - a + (% - 20)! 2] 2
T[-a+d- (@ - 2012} {T{d +a- (@® - 20)1/2]
; B 2 _gali2y]2
5 sinw [d-a +{a° - 2c)*""] (26)
sinw [d~a- (a? ~ 20)1/2]

Now, the quantity (a? - 20312 s imaginary for e} < 1%, and d is real as long as b > - 1/4
{the significance of this inequality is discussed below). If the discussion is restrieted to
this case, the first two terms in Eq. (26) are seen to be unity from the definition of the

gamma function,
P(z)= fz’fiz"ldf,

¢

Finally, the last term can be expanded so that

sin? 7d cosh? 7(b' - a') + cos® #d sinh? w(b' - &)

¥
sin? wd cosh? 7(b' + 4’} + cos® 7d sinh? w(b' + @'}

RI2 = (27
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where

2 2 g€ 212
k
a = (h?-e)l2= [ Aghk ! ]
4022 402 o?

- —— 4

462 ;2 402 gw?

2 2 ge k27112
b' = (h2 + )12 = l:___Agk k ! :l

=

(1+4b)12= 2 .

b=

271/2
)

ow2
lel < K2,

Equation (27) is the square of the reflection coefficient for a general combination of
symmetrical and transitional layers of the form of Eq. (1) subject to the restrictions
b>-1/4 and |¢f < h2. The physical implications of these inequalities are discussed in
the following sections. The reflection coefficient is a function of three parameters, so
further analysis will be limited to simpler cases.

Symmetrical Layer

In the case of the symmetrical layer, € # 0, €, =0,¢c= gelk2/40w2 = 0, and

b =a'=h;so, as long as b > - 1/4, the reflection coefficient may be obtained from
Eq. (27). It reduces to

s 92
IR|2 = sin” wd : b?—-—l—. (28)
sin? wd cosh? 2nh + cos? 7d sinh2 2rh 4

The case of b < - 1/4 for the symmetrical layer must be treated separately. In this case,
1 12 _ 1
= em o e . = — 4+
d 273 (1-4b) 5 id,, say,

and

so Eq. (24) reduces to

. r E +i(2h + dz)J (- 2im)r E +i(2h - a’z)J

r (% + idz) [(2ih) I (% -fd2)
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Use of the identity (Ref. 14)
1 1 T
_— e d —_ ] = —
F(z ! 2)F(2 @2> cosh d,
allows a reduction of the above to

T(- 2ih cosh 7d 1 .
= i{‘{z;h}} - 2 F[E + 2k +42)} F[—;— +ig2h-d23].

We may now compute RR* with the use of the identity

1 . 1 .Y 7
?(-2--4#>F(2+m)— . (1 )
sm T i--ﬂ#

The expression for RR* is then seen to reduce to

N cosh? g
RR = — L, ondyl s 1 oy '
sin 7 3 +i{2h+dy}|sin® 5 +i{2h +dy)
Or,
. cosh? wily 1
== <<~ =
IR} cosh w2k +d,] cosh 7 {2h - d, ] ’ 4 (29)

This formula, along with Eq. (28), completes the range of validity of the reflection
coefficient for the symmetric layer (¢ #*0,¢, = 0).

The two cases b Z - 1/4 must be treated separately merely for mathematical reasons.
There is no apparent physical significance in the value of b being larger or smaller than
-1/4. There are, however, other physical limitations on the value of b. In order that the
Brunt-Vaisala frequency be nonnegative, b must satisfy the inequality

2

=

b
- +
47 422

ot, in the original variables,

g == A

If € were a larger negative than this, the basic state would be statically unstable in the
neighborhood of z = 0 {see Fig. 2). Another range of the variable b that is of interest is
seen o be when b is a sufficiently large negative number $0 that
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In the original variables, this implies that
ge0 < - (Ag ~ w?).

In this case, the upward-propagating wave encounters an evanescent layer in the neighbor-
hood of z = 0. That is, the propagation constant (or restoring force) in Eq. (6) is nega-
tive and solutions of the equation are locally monotonic instead of oscillatory. If this
occurs over a sufficiently large vertical region, one would expect that most of the wave
energy would be reflected.

Fig. 4a—The logarithm of the square of reflection coefficient
(log (RI2) for a symmetric layer. Log |R|2 is plotied as a func
tionof d and h.

IR|Z

Wy,

Fig. 4b—Log |R(2 asa function of dg and A.

Equations (28) and (29) contain only two parameters, so that their significance is
relatively easy to appreciate. Figure 4 shows plots of the reflection coefficients as func-
tions of the two parameters d and h. These graphs can therefore be used to obtain the
reflection coefficient for any particular combination of the physical variables in the case
of the symmetric layer. It is also instructive to illustrate the functional dependence of
IR|2 upon the individual parameters in definitions (13). Specifically, these are ko-1, the
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ratio of the horizontal wave number to the scale length of the layer, and #, the angle of
the incident wave with respect to the horizontal. Figure b shows several plots graphed on

Symbols for ke! for 5a., bb., be.
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a logarithmic scale to enhance the appearance of windows at high angles of incidence.
To further illustrate this phenomenon, a surface of |R|? is plotted vs 6 and k¢! in Fig. 6
for several values of (eo/A) - 1. If R|2 < 10‘3, R|Z = 1073 here and et seq.

The dependence of the reflection coefficient upon the physical parameters is rather
complicated despite the deceivingly simple appearance of Egs. (28) and (29). There are
several interesting observations that can be made, however. First, the reflection coeffici-
ent is always unity for waves traveling horizontally and always vanishes for those traveling
vertically. The former limit occurs because a wave with horizontal phase speed consists
of vertical columns of water moving up and down alternately. The density anomaly at
the pyecnocline, no matter how small, is not easily displaced by the wave. As the size of
the density anomaly O(1/o) increases with respect to the vertical wavelength O(k tan )1,
the dependence of the reflection coefficient is more complicated. Multiple windows occur
for which practically all of the energy passes through the layer. As 8 increases to 90°,
the vertical wavelength decreases to zero, so that more and more wavelengths are com-
pressed into the layer; hence, these windows tend to accumulate in the vicinity of 6 = 90°,
The appearance of the windows is a little surprising, but the fact that an envelope of the
reflection coefficient goes to zero as 6 approaches 90° is not. The vertical wavelength
becomes short compared to the length scale of the density anomaly, so the classical WKB
approximation becomes valid. It is well known that the WKB solution does not allow
reflection unless the wave encounters an evanescent region.

5 235 8456':" 675

Fig. 6a—Log IRIZ vs ¢ and koL for — -1 =0.1
a
The limit of ko™ > 0 isa peculiar one in this case, and it is discussed in Appendix A.

Transitional Layer

This is the case in which € = 0, €, ¥ 0. Proceeding to evaluate the reflection

coefficient in expression (24) in this case, we see that there are two fundamentally dif-
ferent cases (see Fig. 2b);

1. e; > 0and ¢ > h? (30)
2. e;>0o0re; <0andic <he (81)
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In each of these cases, the form of the reflection coefficient changes; this corresponds <
different propagation conditions. Because of the physical significance of these, we shall
explore each one separately below.

Case 1. In this instance, €; >> 0 and the region of higher Brunt-Vaisala frequency
eccupies the lower half-plane. The inequality ¢ = A2 implies that g{A ~ €;0) < w? €
g(A + &40). Since the frequency of the transmitted wave is «w, we expect that the squar
of this frequency would be less than g(A - €, 0) for there to be wave propagation in the
upper layer. In the inequality above, we see that these values of w? are not allowed.
One would expect, therefore, that a wave incident on this thermocline at any angle from
helow would be totally reflected. In fact, if ¢ > k2, we see that
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a=61 +i62

B=61mi62
and

'y=261 +1.

The real quantities §, and 8, are defined by

2 _s2
c-h —61

and
2_ . &2
c+h®=+53, 6, =0
Then,
D(- 2i5,)T(5, +i8,)I'(8, +1 +i8,)
(208,18, - i8,)['(8; +1-18,)
and

IRI?=1. (32)

We see that all energy indeed is reflected in the case ¢; > 0 and that g(A - ¢,0) < w? <
glA + €,0), as we anticipated above.

Case 2. Here, we may have ¢4 again greater than zero, but ¢; < 0 is also allowed
and lel < h2. From our discussion in the second section on the conditions under which
internal waves will propagate, we would expect that at least a portion of the wave energy
would be transmitted up through the transition regions. If e; > 0, w2 < g(A - €,0);
and, if ¢; <0, w? < glA+ €10). Both of these conditions will allow at least partial
transmission through the anomalous region. Using the above definitions of §; and 6,
we have

(x=i82 +i61,
B= i61 - ib,,
and

7=1+251.

Using these quantities in Eq. (24), we may calculate RR* with the use of the identities
(Ref. 15)

L) (- i) = P
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and

Y

R T

Then,
sinh? 7(8, - §,)

R|2 = 1 2 (33)

sinh? (8, +3,)

Fig. 7—Log {R1Z for the transition Jayer {eq z 8, ¢ = U) as a function of
51and59. Case 2.

A graph of this expression appears in Fig. 7 as a function of 4, and ;. This result is
interesting in that it is independent of the sign of the parameter Ei—thﬁt is, the reflection
mechanism does not depend upon whether the waves are going from less stable to more
stable fluid, or vice versa. Expressed in the original physical parameters however, the
value of |R{? is dependent upon sgn{e, ) because the angle of incidence is a function of
€.

It is of interest to consider the special case ko tan § — 0; that is, the limit in which
the transition layer is thin compared to the vertical wavelength of the internal wave. The
parameters 51 and 6, are linear functions of ko1, so the hyperbolic functions can be re-
placed by their arguments in the limit ko~1 — 0 to yield

51“52

|Ri=+——F5—-
51+52

(34}

Although ﬁl and §,, remain complicated functions of the physical parameters, this is
simply & Fresnei reflection formula. It is shown in Appendix A thal the reflection
coefficient for a two-layer fluid in which the layers are separated by a jump discontinuity
in N2({z) gives the same results.
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CONCLUSIONS

In the second section, it was shown that the equation governing the z-dependent
part of the vertical velocity may be transformed to the hypergeometric equation. The
existence of analytic continuation formulae for this equation allows a solution represent-
ing a plane wave in the upper half-space above the pycnocline to be expressed as a linear,
complex sum of two plane waves in the region far below the pycnocline. To correspond
with the physically motivated problem of barrier transmission, we have chosen the phases
of the three waves so that the solution above the thermocline represents a wave with
group velocity away from the thermocline—the transmitted wave. The two waves below
the pycnocline are the waves incident on, and reflected by, the variation in density.

As was discussed in the third section, the reflection coefficient R is actually a com-
plex number containing information on the phase and amplitude of the reflected wave
relative to those of the incident wave. We have shown that a general thermocline form—
one which is a combination transition region and symmetric layer—possesses a reflection
coefficient expressible in terms of gamma functions having arguments which are functions
of 0, ko1, €, and €;. For a particular range of the parameter b > -1/4 (where b =
gek2/aw?), the solution may be considerably simplified when w? < g(A - e, lo), and it
is given by expression (27). This form of |[R|% is a function of the parameters s, b, and ¢
(see Eqs. (13)).

To better exhibit the behavior of |[R|? as a function of the physical parameters, we
alternately equate € and then ¢4 to zero. The former case is that of the symmetrical
layer which may also serve as a waveguide for horizontally propagating waves, while the
latter case is that of the transition layer (see Fig. 2).

The reflection coefficient for the symmetric layer is shown in Fig. 4. It is comprised
of two graphs of |[R|2 for the values b > -1/4 and b < -1/4. As discussed previously,
there appears to be no physical significance to the value b = -1/4. Although the form of
the solution changes in the two ranges of b, it is continuous at this value of b.

No striking behavior in {R|? is apparent in these graphs. A plot of the square of the
reflection coefficient as a function of § for the symmetrical layer is given in Fig. 5 for
various values of ko~1. The behavior of |[R|% appears to be a rather complicated function
of ko-l. To exhibit this dependence more carefully, an isometric plot of log |[R|2 is given
in Fig. 6 for the parameter {ge,0/gA) ~ 1 equal to 0.1, 1.0 and 10.0. Values of |R|? are
arbitrarily equated to zero when they are smaller than the lowest ordinate given. The
behavior of [R{2 is now quite apparent. At low values of the parameter (ge,0/gA)- 1,
equal to 0.1, say, there is one hump or tunnel passing from values of large 26~ and small
 to values of large 6 and small ko1. For small ko1, the troughlike behavior of (R|2
present in Fig. 5 is apparent in the isometric plot (Fig. 6). When the parameter equals
1.0, Fig. 5 reveals a complicated oscillatory behavior in [R|2. We see here that the
“windows” discussed briefly on p. 17 start to appear and become more numerous as the
parameter becomes larger, for example, of order 10.0. As & approaches 90°, the windows
seem to accumulate and we conjecture that the explanation is as follows. For wave num-
bers inclined progressively more toward the vertical, the vertical wave number becomes
large, tending toward infinity as # — 90°. In this limiting process, many wavelengths are
able to fit into a region the order of the thermocline thickness O(1/0). A small change in
@, therefore, can result in a significantly larger or smaller number of such contained wave-
lengths. Since the process of reflection is one of constructive or destructive interference
of these waves, the windows would then be expected to accumulate in the region 8 =~ 90°.
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The plot of the transition layer refiection coefficient appears in Fig. 7. As was dis-
cussed on p. 18, when €¢; > 0 but g(A - €;,0) < w? < g(A + €,0), a wave of frequency w
incident from below cannct propagate into the upper region. All of the energy is re-
flected; none is transmitted, and [Ei2 = 1. On the other hand, the case for which &, :2 0
and w? < g(A - |e;i0) exhibits incomplete reflection, and a plot of IR{? as a function of
8, and 8, appears in Fig. 7. The behavior is deceivingly simple, with [R]? being asymp-
totic to a constant for large values of 8; or 8,. The variables §; and &, are somewhat
more complicated functions of 9, kol ang £4. As such, their significance is not readily
appreciated from a simple plot of the type shown in Fig. 7. Another plot of iRIZ is
shown in Fig. 8 as a function of ko1 and §. This figure shows the reflection coefficient
as a function of § and ko™l for several different values of gfiafmz; 2, 1G, and b0,
iR|2 appears to change very little for these widely spaced values of ge, gfw?; the only
alteration in appearance seems to be a tendency toward higher reflection coefficients for

larger § as ge,¢/w? becomes large.

G N
-2-log [RI2
_3_,/ - R
0 225 480 675

S
SRR
N
T
BN

SRS
SRR

Fig. 8a—Log 1712 for the trandtion layer {e = 0} vs 8 and
ko1 for 2g61]w2 =4 0andej > 0.

Fig. 8b—Log (Ri2 for the transition layer (e =0} vs ¢ and
ko=l for 2geq jw2 =200 and &4 > O.
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Fig. 8c—Log |RI2 for the transition layer (¢ = 0) vs 8 and
ko=l for 2ge1/w2=100.0 and 1 > O.

Although the dependence of |[R|2 on physical parameters in either the symmetric or
transition cases is quite varied depending upon the values of the physical parameters, we
may draw a number of general conclusions. When the phase speed of the incident wave
is horizontal (8 = 0°), the group velocity is vertical (see, e.g., Phillips, Ref. 11) and the
wave motion consists of vertically oscillating columns of fluid. In this case, all of the
wave energy is reflected. On the other hand, waves for which § = 90° have vertically
directed wave numbers but zero frequency. Their group velocity is therefore zero, and
we find that |R|2 — 0, although perhaps not monotonically because of the possible
presence of the windows. The behavior |R|?2 - 0 as 8 — 90° is, in a sense, a degenerate
one because zero-frequency waves do not propagate. They reduce to a steady, horizontal
current. Since the group velocity vanishes, the question of reflection or transmission of
that energy is an inappropriate one.

Although the pycnoclines discussed in this report represent a specialized physical
situation, the advantage in their treatment is that the parametric behavior of |[R|2 may be
examined as certain physical parameters are changed. In Appendix B, a method for treat-

ing reflection from general pycnoclines is discussed. This subject will be dealt with in
more detail in another report.
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Appendix A
REFLECTION FROM A THIN DENSITY ANOMALY

In the special case where a layered density anomaly is very thin in comparison to
the vertical wavelength of the internal wave, the reflection problem becomes much simpler
to solve. The anomalous region may be reduced, at least in the limit, to a line so that
the layer is replaced by an appropriate boundary condition.

We treat the two cases shown in Fig. Al. Case I is the limit of a symmetrical stable
layer, and Case II is the limit of a transition layer. In each case, the solutions in the
upper and lower layers are plane-propagating waves. The solutions for the vertical velocity
components in the waves are

w;, = exp{i[kx -nyz - wt]}
w, =~ R exp {i[kx tnz - wt]} (A1)
w,, = T exp{i[kx -n,2 - wt]} s

where Wy W, and w,, represent the incoming, reflected, and transmitted waves. The

constants R and T are the amplitudes of the reflected and transmitted waves, and n, and
n, are the vertical wavenumbers of the waves in the lower and upper regions, respectively.

CASEI

DENSITY DIRAC DELTA
\ / JUMP 2 " FUNCTION

N -

Flz) N(z)

-
/L

CASEII
CONTINUOUS, JUMP IN
UT CHANGES BRUNT-VAISALA
SLOPE ABRUPTLY z FREQUENCY
2| e C
glz} N(z}

Fig. Al~Plots of 5(z) and N(z) for Case I and I1.
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The boundary conditions tc be satisfied al the interface befween the {wo layers are
that the vertical velocify and the pressure are continuous there. In terms of the vertical
velocity, these reduce to

fwi=10
2
('] = ii% (51w, (A2)

where the brackets { ] represent the difference between the values on the two sides of
the interface*. In Case I, to the Boussinesa approximation, the reflection coefficient is

| = L ; (A)

2p,, (N26? - w0, )2
gkip

i+

where p,, is the average density on the two sides of the interface and Ap is the density
difference. In Case I, the reflection coefficient is

n,— M

IR} =“‘ﬁ . {Ad)

The latter solution agrees with the reflection coefficient of Eq. {34) that is the limit
as the fransition region shrinks to zero. This special case serves as a cheek on the results
obtained for the transition region.

Dn the other hand, the solution Eq. {A3) is not the same as the limiting value of
expression (28) as the symmetrical layer shrinks to zero. This should not be surprising,
since this limit is the same as placing a delfa function in a coefficient of the governing
equation,

¢, + P {w"gg{f_\ + 0 sech? 0z + €, 0 tanh 0z} - 1} p=0 {AB)
or
N2(z)
b, * [—w—z_ 1] kRZp=0. {A6)

The difference in fthe resulfs is caused entirely by reversing the order in which a Iimit is
taken. In the continuous profile examined in the body of the report, the limit of

ko1 = 0 i3 taken of the solution of the governing equation {A6). In this appendix, the
reflection coefficient is obtained from the solution of the equation resulting from the
limit of the governing equation {AB).

We suggest that in the Hmit of ko™l = 0, the reflection coefficient (A3) is more
reliable than the appropriate limit of the expression

*C. 8 Yihk, Dynamics of Nonhomogeneous Fluids New York, Macmillan, 1985, p. 21,
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.2
IR|2 = sin” d . > L
sin? 7d cosh? 2wh + cos? #d sinh? 2wh 4

This choice is a simple one. The limiting solution of Eq. (A6) has a very large number of
oscillations in the small anomalous region, so that the solution is not physically realistic.




Appendix B
A NUMERICAL METHOD FOR FINDING REFLECTION COEFFICIENTS
FOR ARBITRARY BRUNT-VAISALA DISTRIBUTIONS

In virtually all wave reflection problems of physical interest, it is impossible to model
the pycnocline with an analytical expression. It is therefore of interest to devise a method
which gives accurate reflection coefficients without resorting to layer modeling

An acceptable method of solution is then as follows. Given a ransmitted wave with
upward group velocity,

w ~ exp {itkx - nz - wi)}

as an initial condition, we may integrate the equation

4
w'" +(1—V— - 1) k2w =0
wz

from z = - o0 backward through the pycnocline into the region of constant Brunt-Vaisila
frequency below. The solution in the vicinity of z = + o2 is then a linear sum of two
waves, the incident and the reflected wave. By making use of the phase and amplitude of
the solution near z = + o with respect to those of the solution near z = - oo, we may
calculate a value of {R{2. To check the accuracy of the method, a test case was iried.
The reflection coefficient for a wave with

N2 =gA ¥ geo sech? oz
was calculated for ko = 1, # = 22.5°, and geajgA -~ 1 = 1. The numerical integxation

technique was found to give an answer in error of the true value ({R{2 = 0.1897) by 1073,
A thorough treatment of this method will appear in a later work

28




